Introduction {#s0001}
============

Hepatitis C virus (HCV) infection is a leading cause of chronic liver disease, cirrhosis, hepatocellular carcinoma, and liver transplantation \[[@CIT0001]\]. Most recent estimates suggest over 70 million people worldwide are infected with HCV \[[@CIT0005]\], with as few as 3% receiving treatment as recently as 2012 \[[@CIT0006]\]. HCV is classified into seven genotypes (GT), with GT 1 being the most common, followed by GT 3 \[[@CIT0007]\]; viral GT can be an important factor in response to the treatment \[[@CIT0008]\]. Until recently, all HCV treatment was interferon-based, with suboptimal response rates and significant side effects \[[@CIT0006],[@CIT0011]\]. The first HCV direct acting antivirals were two NS3-4A protease inhibitors, telaprevir and boceprevir, which were introduced in 2011. These drugs resulted in improved outcomes, but had treatment complexity and tolerability challenges \[[@CIT0012]\]. Recently, additional NS3-4A inhibitors (simeprevir, paritaprevir, and grazoprevir) have become available for combination use with the NS5B inhibitor sofosbuvir or with NS5A inhibitors. Current combination regimens with or without new generation NS3-4A inhibitors have excellent efficacy and tolerability and do not require the co-administration of pegylated interferon. Expanding access to effective treatments is a strategic component of the WHO goal to eliminate the public health impact of viral hepatitis by 2030 \[[@CIT0013]\].

BZF961 ([Figure 1](#F0001){ref-type="fig"}) is a novel NS3-4A HCV inhibitor. Based on preclinical virology data, it is expected that BZF961 will be clinically active against HCV GT 1, 2, and 4, as well as against the majority of HCV strains with mutations that confer resistance to first generation NS3-4A inhibitors. In biochemical protease assays, BZF961 demonstrated IC~50~ values between 4 and 28 nM for GT 1, 2, and 4 and 290 nM for GT 3. BZF961 also showed potent activity in cellular replicon assays for GT 1a and 1 b, with a modest (up to 10-fold) decrease in activity in the presence of human serum. BZF961 is predominantly metabolized by CYP3A4 *in vitro* and in mice. It is expected that the co-administration of a potent CYP3A4 inhibitor would boost the exposure of BZF961.

![Structure of BZF961.](IJDA_A_1535438_F0001_B){#F0001}

Here we describe the results from the first study of BZF961 in humans, including safety and pharmacokinetics of single and multiple ascending doses, and the effect of ritonavir on BZF961 exposure.

Materials and methods {#s0002}
=====================

Study design {#s0003}
------------

This was a single center, three part, placebo-controlled, randomized, double-blind, first-in-human study to determine the safety and tolerability of BZF961 in healthy subjects ([Figure 2](#F0002){ref-type="fig"}). It was conducted from 11 April 2012 to 8 June 2013 at the Celerion Phase 1 unit in Lincoln, Nebraska.

![Study design.](IJDA_A_1535438_F0002_B){#F0002}

Part 1 was a single-ascending dose study (SAD) of escalating doses of BZF961 or placebo (vehicle only) administered to five cohorts of eight subjects each (randomized BZF961:placebo; 6:2) (Cohorts 1--5, 10 mg, 30 mg, 100 mg, 300 mg, and 1000 mg). The formulation for BZF961 in these cohorts was microemulsion pre-concentrate (MEPC). The 100 mg cohort of eight subjects (Cohort 3) received a second dose of BZF961 100 mg or placebo in an alternative formulation (Vitamin E TPGS-based, designated Cohort 6), and a third dose of BZF961 100 mg following a standard FDA breakfast \[[@CIT0014]\] (termed Cohort 7). The study consisted of a maximum 21-day screening period, a baseline period (Day 1), treatment period (Days 1 to 4), and a single study completion evaluation conducted between 8 and 10 days after the dose. The subjects were domiciled in the study center from the baseline visit through Day 4 (5 days total). An interim analysis for safety and pharmacokinetics was performed to inform the doses in Part 2 of the study. A total of 30 subjects received BZF961 and 11 subjects received placebo in Part 1 of the study.

Part 2 was a multiple-ascending dose study (MAD) of escalating doses of BZF961 or placebo administered to four cohorts of eight subjects each (randomized BZF961:placebo; 6:2) (Cohorts 8--11, 100 mg every 8 h, 300 mg every 8 h, 500 mg every 8 h, and 1000 mg every 12 h) administered for 6 days with a single dose on the morning of Day 7. The BZF961 formulation for all cohorts in Part 2 was MEPC. The study consisted of a maximum 21-day screening period, a baseline period (Day 1), treatment period (Days 1 to 10), and a single study completion evaluation conducted between Days 14 and 16. The subjects were domiciled in the study center from the baseline visit through Day 10 (11 days total). An interim analysis for safety and pharmacokinetics was performed to inform the doses in Part 3 of the study. A total of 24 subjects received BZF961 and 9 subjects received placebo in Part 2 of the study.

Part 3 was an open-label drug--drug interaction study of escalating doses of BZF961 (10 mg or 50 mg) co-administered with ritonavir (100 mg) to three cohorts (Cohort 12 *n* = 4, Cohort 13 *n* = 8, and Cohort 14 *n* = 8). All subjects received active drug in the MEPC formulation. Each of the three cohorts followed a fixed sequence design with variations in BZF961 and ritonavir doses. In all cohorts, subjects were dosed with BZF961 alone (50 mg, Cohorts 12 and 14; or 10 mg, Cohort 13) to obtain baseline BZF961 exposure data (Period 1). Following a washout period of approximately 5 days, subjects in Cohort 12 received a single evening dose of 100 mg ritonavir, two doses of 100 mg ritonavir 12 h apart on Day 2, and a single dose of 50 mg BZF961 on the morning of Day 2 concurrently with the morning dose of ritonavir (Period 2). An interim analysis was conducted on the data obtained from this cohort. Based on the results of the interim analysis and a review of the safety data, the doses in the next two cohorts were determined. Cohort 13 followed the same scheme as Cohort 12, but with 10 mg BZF961 administered. In Cohort 14, a single 100 mg dose of ritonavir was administered simultaneously with 50 mg BZF961; no evening dose of ritonavir was administered. Dosing periods were the same for all cohorts. A total of 20 subjects received BZF961 and ritonavir in Part 3 of the study.

Study treatment was administered with 240 mL of water. Subjects fasted for at least 10 h prior to BZF961 administration (no food or liquid except for water), except for those in the cohort receiving BZF961 after a standard FDA breakfast. No fluid intake apart from the fluid given at the time of drug intake was allowed from 2 h before until 2 h after dosing. Subjects did not consume any carbonated drinks; consumption of alcohol, caffeine, nicotine-containing products, and grapefruit or related citrus fruit was prohibited during the study. Subjects who were enrolled in the food effect cohort were given the standard FDA breakfast and dosed with BZF961 within 5 min after completion of the meal.

Prescription and non-prescription drugs and dietary supplements were not permitted and had to be discontinued at least 30 days or five half-lives (whichever was longer) prior to the enrollment. Co-administration of moderate to strong inhibitors of CYP3A4 (except ritonavir in Part 3) was prohibited. Additionally, co-administration of inducers of CYP3A4 was prohibited. Treatment was to be discontinued in the event of the development of one adverse event of moderate severity (common terminology criteria for adverse events \[[@CIT0015]\] Grade 3 or greater) believed to be related to the study drug. Additionally, study treatment would be terminated for an increase in total bilirubin ≥5-fold the upper limit of normal (ULN), ALT, AST, or alkaline phosphatase ≥3-fold the ULN, total bilirubin increase ≥2-fold ULN and ALT ≥3-fold ULN, or lipase ≥3-fold ULN. The subjects could discontinue from the study at their own request for safety, behavioral, or administrative reasons or for any other reason at the discretion of the investigator or sponsor.

This study was conducted in compliance with the Declaration of Helsinki and Good Clinical Practice Guidelines established by the International Conference on Harmonization. The final protocol, amendments, and informed consent documentation were reviewed and approved by the study center's Institutional Review Board. All the subjects provided written, informed consent before participating in any study procedures.

Subjects {#s0004}
--------

The study planned to enroll 92 subjects (40 subjects in Part 1, 32 in Part 2, and 20 in Part 3) including both healthy male and female subjects (of non-child-bearing potential), aged 19 to 55 years and at least 50 kg in weight (with body mass index between 18 and 30 kg/m^2^) who passed screening assessments, met inclusion/exclusion criteria, and provided written informed consent.

Health status was determined by medical history, physical examination, and laboratory tests at screening. Only women who were not of child-bearing potential were allowed to enroll, and all female subjects were required to have a negative pregnancy test result at screening and at the baseline visits. Male subjects were required to comply with barrier contraception methods during the study and up to 7 days after the last dose of study drug. Exclusion criteria included a history of clinically significant electrocardiogram abnormalities; history of organ system malignancy within the last 5 years (excluding skin basal cell carcinoma); use of tobacco products within the previous 3 months; use of prescription medications or herbal supplements within the previous 4 weeks or over-the-counter medication (except for incidental acetaminophen), dietary supplements, or vitamins within 2 weeks; blood or plasma donation or blood loss of ≥400 mL within the previous 8 weeks; and/or a hemoglobin level of below the lower limit of normal. Subjects were also excluded if found or reported to have had significant illness within the previous 2 weeks; history of food allergies or any surgical or medical condition that might significantly alter drug pharmacokinetics; history of liver disease or injury as indicated by abnormal transaminases or bilirubin; history or evidence of any inherited bilirubin disease or disorder, including but not limited to Dubin--Johnson, Gilbert's, or Rotor syndrome; history of immunodeficiency disease; positive hepatitis B or C test result; and/or a history of drug or alcohol abuse in the previous 12 months or evidence thereof.

Safety assessment {#s0005}
-----------------

Safety evaluations included monitoring for adverse events, monitoring for serious adverse events with the severity and relationship to the study drug, monitoring for pregnancies, and regular monitoring of hematology, blood chemistry, urinalysis, vital signs, physical condition, body weight, and electrocardiogram.

Pharmacokinetic parameters and assessment {#s0006}
-----------------------------------------

In Part 1 of the study (single dosing), blood samples were collected pre-dosing and 0.5, 1, 2, 2.5, 3, 4, 6, 8, 12, 24, 36, 48, and 72 h post-dose. In Part 2 (daily dosing for 3 days), blood sampling on Day 1 occurred at pre-dose and 0.5, 1, 2, 2.5, 3, 4, 6, 8, and 12 h post-dose. Samples were also taken on Days 2--6 at pre-dosing, on Day 7 at pre-dosing and 0.5, 1, 2, 2.5, 3, 4, 6, 8, 12, 24, 36, 48, and 72 h post-dosing. In Part 3 of the study drug-drug interaction with ritonavir was measured. In Period 1, blood samples were collected for BZF961 concentration on Day 1 at pre-dosing and 0.5, 1, 2, 2.5, 3, 4, 6, 8, 12, 24, and 36 h post-dose. In Period 2, blood samples were collected for BZF961 concentration on Day 2 at pre-dosing and 0.5, 1, 2, 2.5, 3, 4, 6, 8, 12, 24, and 36 h post-dose. Additionally, blood samples were collected for ritonavir concentration on Day 1 at 2 h post-ritonavir evening dose and on Day 2 at 1, 2, 4, and 8 h post-ritonavir morning dose. The plasma samples from all the subjects were assayed for BZF961 concentrations using a validated liquid chromatography-tandem mass spectrometry assay (LC-MS/MS). Values below the lower limit of quantitation (LLOQ) of 1.00 ng/mL were reported as 0.00 ng/mL.

The pharmacokinetic parameters were calculated from the BZF961 plasma concentration--actual-time data for subjects administered BZF961 by standard non-compartmental methods using WinNonlin Phoenix software (version 5.2; Centara, Princeton, NJ). The pharmacokinetic parameters include area under the concentration--time curve from time zero to 24 h post-dose (AUC~0--24h~), AUC from time zero to the time of the last quantifiable concentration (mass × time/volume) (AUC~last~), AUC from time zero extrapolated to infinity (AUC~inf~), maximum observed concentration (*C*~max~), time of occurrence of *C*~max~ (*T*~max~), elimination half-life (*t*~1/2~), apparent oral clearance (*C*~L/F~), apparent volume of distribution (*V*~z/F~), and accumulation ratio (*R*~acc~), which was defined as the ratio of AUC~0--24h~ (Day 7) to AUC~0--24h~ (Day 1). Subjects for whom selected pharmacokinetic parameters could not be adequately characterized were excluded from the calculation of overall means and statistics for those parameters.

Statistical methods {#s0007}
-------------------

Adverse events were summarized by counts. Laboratory tests, vital signs, and electrocardiogram parameters were summarized by descriptive statistics by part, cohort, and visit at each time point. Pharmacokinetic parameters were summarized using arithmetic means and standard deviations, except for *T*~max~, for which median values and ranges are reported. To test dose proportionality, the primary pharmacokinetic parameters were analyzed using a regression model on the log-transformed pharmacokinetic parameters (*C*~max~, AUC~0--24h~, and/or AUC~inf~) versus log-transformed dose, assessing dose proportionality with a lack-of-fit test. The analyses were done separately for each part of the study and separately on Days 1 and 7 for the multiple-dose cohorts. To assess food effect, data from the same subjects under fed and fasting conditions were pooled, and AUC, AUC~last~, and *C*~max~ were analyzed by mixed-effect model analysis of variance with the fasting or fed condition as a fixed effect and a compound symmetric covariance within each subject.

Results {#s0008}
=======

Subject demographics {#s0009}
--------------------

A total of 94 subjects (41 subjects in Part 1 \[30:11, BZF961:placebo\], 33 subjects in Part 2 \[24:9, BZF961:placebo\], and 20 in Part 3 \[20, BZF961\]) were enrolled in the study, and 80 subjects completed the study. Demographic data are summarized in [Table 1](#t0001){ref-type="table"}. All the subjects with evaluable data were included in safety and pharmacokinetics analyses.

###### 

Subject demographics.

  Parameter              Part 1        Part 2        Part 3                                                   
  ---------------------- ------------- ------------- ------------- ------------- ------------- -------------- -------------
  Mean age, years (SD)   34.6 (11.9)   28.5 (9.7)    28.5 (6.4)    31.1 (9.9)    31.5 (9.8)    34.9 (11.8)    26.8 (7.5)
  Gender *n* (%)                                                                                               
   Female                6 (20.0)      0 (0.0)       1 (4.2)       0 (0.0)       0 (0.0)       2 (25.0)       0 (0.0)
   Male                  24 (80.0)     11 (100)      23 (95.8)     9 (100)       4 (100)       6 (75.0)       8 (100)
  No. (%) of                                                                                                   
   White                 24 (80)       9 (81.8)      14 (58.3)     6 (66.7)      3 (75.0)      8 (100)        5 (62.5)
   Black                 5 (16.7)      2 (18.2)      9 (37.5)      3 (33.3)      1 (25.0)      0 (0.0)        2 (25.0)
   Asian                 0 (0.0)       0 (0.0)       1 (4.2)       0 (0.0)       0 (0.0)       0 (0.0)        0 (0.0)
   Native American       1 (3.3)       0 (0.0)       0 (0.0)       0 (0.0)       0 (0.0)       0 (0.0)        1 (12.5)
  Mean weight, kg (SD)   80.8 (10.9)   77.9 (8.6)    80.3 (10.5)   82.9 (9.7)    75.5 (9.5)    71.3 (10.3)    81.7 (11.2)
  Mean height, cm (SD)   177.4 (8.1)   179.3 (4.4)   174.6 (6.6)   180.3 (7.0)   174.8 (9.9)   176.6 (11.1)   177.9 (3.8)

Safety and tolerability {#s0010}
-----------------------

All 94 subjects were included in the safety analysis. Subjects who returned to be included in the fed cohort and alternate formulation cohorts were counted twice or three times depending on their participation, resulting in a total of 56 subjects being counted in the safety analysis set of Part 1. There were no deaths or serious adverse events (SAE). The overall incidence of adverse events (AEs) was similar in treated subjects and placebo subjects in the single dose part of the study but was higher in treated subjects than placebo subjects in the multiple-dose part of the study ([Table 2](#t0002){ref-type="table"}).

###### 

Number and percentage of subjects with AEs by preferred term (safety analysis set).

               Part 1: Single dose cohorts                                                                  
  ------------ ----------------------------- --------- ---------- ---------- ---------- --------- --------- ----------
  Arthralgia   0 (0.0)                       0 (0.0)   0 (0.0)    0 (0.0)    1 (16.7)   0 (0.0)   0 (0.0)   0 (0.0)
  Dyspepsia    0 (0.0)                       0 (0.0)   1 (16.7)   0 (0.0)    0 (0.0)    0 (0.0)   0 (0.0)   0 (0.0)
  Nausea       0 (0.0)                       0 (0.0)   0 (0.0)    1 (16.7)   3 (50.0)   0 (0.0)   0 (0.0)   2 (13.3)
  Vomiting     0 (0.0)                       0 (0.0)   0 (0.0)    1 (16.7)   4 (66.7)   0 (0.0)   0 (0.0)   0 (0.0)

                              Part 2: Multiple dose cohorts                                    
  --------------------------- ------------------------------- ---------- ---------- ---------- ----------
  Abdominal rigidity          0 (0.0)                         0 (0.0)    0 (0.0)    1 (16.7)   0 (0.0)
  Acute tonsillitis           0 (0.0)                         0 (0.0)    0 (0.0)    1 (16.7)   0 (0.0)
  Blood bilirubin increased   0 (0.0)                         1 (16.7)   0 (0.0)    0 (0.0)    0 (0.0)
  Dehydration                 0 (0.0)                         0 (0.0)    0 (0.0)    0 (0.0)    1 (11.1)
  Diarrhea                    0 (0.0)                         0 (0.0)    0 (0.0)    0 (0.0)    2 (22.2)
  Dizziness postural          0 (0.0)                         0 (0.0)    0 (0.0)    1 (16.7)   0 (0.0)
  Dyspepsia                   0 (0.0)                         0 (0.0)    0 (0.0)    3 (50.0)   3 (33.3)
  Nausea                      0 (0.0)                         0 (0.0)    4 (66.7)   4 (66.7)   3 (33.3)
  Vomiting                    0 (0.0)                         0 (0.0)    1 (16.7)   3 (50.0)   0 (0.0)

                                      Part 3: BZF961 + Ritonavir cohorts                                               
  ----------------------------------- ------------------------------------ ---------- ---------- ---------- ---------- ---------
  Abdominal pain                      0 (0.0)                              0 (0.0)    0 (0.0)    1 (12.5)   0 (0.0)    0 (0.0)
  Acne                                0 (0.0)                              0 (0.0)    0 (0.0)    1 (12.5)   0 (0.0)    0 (0.0)
  Arthropod bite                      0 (0.0)                              0 (0.0)    0 (0.0)    0 (0.0)    1 (12.5)   0 (0.0)
  Back pain                           0 (0.0)                              0 (0.0)    0 (0.0)    1 (12.5)   0 (0.0)    0 (0.0)
  Diarrhea                            0 (0.0)                              2 (50.0)   0 (0.0)    1 (12.5)   0 (0.0)    0 (0.0)
  Dyspepsia                           0 (0.0)                              1 (25.0)   0 (0.0)    0 (0.0)    0 (0.0)    0 (0.0)
  Nausea                              0 (0.0)                              0 (0.0)    0 (0.0)    1 (12.5)   0 (0.0)    0 (0.0)
  Pain                                1 (25.0)                             0 (0.0)    0 (0.0)    0 (0.0)    0 (0.0)    0 (0.0)
  Presyncope                          0 (0.0)                              0 (0.0)    1 (12.5)   0 (0.0)    0 (0.0)    0 (0.0)
  Upper respiratory tract infection   0 (0.0)                              0 (0.0)    1 (12.5)   0 (0.0)    0 (0.0)    0 (0.0)

Under each treatment, a subject with multiple occurrences of an AE is counted only once in the AE category. *N*: number of subjects studied; *n*: number of subjects with at least one AE in the category. Only AEs occurring at or after first drug intake in each cohort are included. AEs are displayed in alphabetical order by preferred term. In Part 3, an AE starting in one period and continuing into the next period is counted in the first period only.

In the single ascending dose cohorts, all subjects completed dosing as planned. The overall incidence of AEs is shown in [Table 2](#t0002){ref-type="table"}. There were no SAEs. Among the 41 subjects (counted as a total of 56 subjects), there were a total of 13 AEs occurring in 8 subjects (6 \[14.6%\] BZF961-treated subjects and 2 \[13.3%\] placebo-treated subjects) ([Table 2](#t0002){ref-type="table"}). Eight of the 13 AEs occurred in the 1000 mg dose group (66.7% of subjects dosed with 1000 mg); seven of the AEs were nausea or vomiting all of which were suspected by the investigator as being related to study drug. All of the AEs were considered Grade 1.

In the multiple ascending dose cohorts, 33 subjects were included in the safety analysis set ([Table 2](#t0002){ref-type="table"}). Twenty-four subjects were dosed with BZF961 (six subjects each received 100 mg every 8 hours, 300 mg every 8 h, 500 mg every 8 h, or 1000 mg every 12 h) and nine subjects were dosed with placebo. Twenty three of the 33 subjects in Part 2 of the study experienced at least one AE; there were no SAEs. The majority of the AEs were nausea and/or vomiting. All the subjects in the BZF961 1000 mg cohort (six dosed with BZF961 and two dosed with placebo) developed Grade 2 nausea and/or Grade 1 or Grade 2 vomiting. This was suspected to be related to the MEPC-based formulation, which was dose limiting at the volume required for the 1000 mg BZF961 dosage and matching placebo. For seven of the eight subjects in this dose group, including two subjects that received placebo, the AEs resulted in discontinuation of the study drug. Study drug discontinuation resulted in cessation of nausea and vomiting. Two subjects (one who received BZF961 300 mg every 8 h and the other BZF961 1000 mg every 12 h) experienced elevations in total bilirubin, resulting in discontinuation of study drug. All elevations in bilirubin occurring during the study were resolved by the end of study visits. In the 500 mg every 8 h cohort, one subject withdrew from the study on Day 4 citing personal reasons. This subject is included in the safety analysis dataset and was replaced in the study. Another subject in this cohort withdrew on Day 2 due to Grade 2 nausea and vomiting. This subject was not replaced.

In Part 3 (co-administration with ritonavir) twenty subjects were randomized and were included in the safety analysis ([Table 2](#t0002){ref-type="table"}). Seven subjects reported at least one of 12 AEs. Four of the AEs were reported after the administration of the single dose of BZF961 and prior to the administration of ritonavir, these were generalized body ache, upper respiratory tract infection and pre-syncope, and an insect bite. The other eight AEs were reported when BZF961 was co-administered with ritonavir 100 mg. Diarrhea was the most commonly reported AE. None of the subjects in Part 3 discontinued the study drug due to an AE. All AEs in this part of the study were Grade 1 in severity.

Although there were sporadic hematology, chemistry, or urinalysis parameters outside normal ranges among subjects receiving BZF961 and placebo, none were considered clinically significant or drug related. Mean values for most of the hematology and blood chemistry parameters remained within the normal range from baseline to the end of the study, and there were no significant differences between placebo and control mean values.

Overall, there were elevations in mean total bilirubin during the dosing period in subjects from the BZF961 300 mg every 8 h, 500 mg every 8 h, and 1000 mg every 12 h dosing cohorts. Mean bilirubin peaked on Day 2 and declined on Day 4 and later time points. For the 1000 mg every 12 h dosing cohort, which had the greatest change in bilirubin, the Day 2 mean bilirubin was 32.0 ± 26.3 µmol/L (1.87 ± 1.54 mg/dL) and the median was 22.0 µmol/L (1.29 mg/dL) (upper limit of normal is 27 µmol/L; 1.58 mg/dL). Upon fractionation, the elevation was due predominantly to an increase in unconjugated bilirubin. Four subjects in this study had elevated total bilirubin levels. A total of two subjects in the multiple ascending dose cohorts had elevations in total bilirubin levels that resulted in premature discontinuation of dosing. One subject who received BZF961 500 mg every 8 h for 7 days had a Grade 1 elevation of ALT, AST, and γ-GT associated with very high BZF961 exposure compared to the remainder of the subjects in the dose cohort. This subject was asymptomatic and the laboratory changes resolved during follow-up. This subject also had a baseline total bilirubin of 9 µmol/L (0.53 mg/dL) (normal range 3 to 27 µmol/L) that increased to 32 µmol/L (1.87 mg/dL) on Day 4 of dosing and peaked at 38 µmol/L (2.22 mg/dL) on Day 7 of dosing. Fractionation revealed that the bilirubin elevation consisted mainly of unconjugated bilirubin. On Day 7 of dosing, the subject had an ALT of 124 U/L from a baseline of 29 U/L (normal range 10--67 U/L). The ALT was within normal limits 10 days after completion of the study. The AST increased to 57 U/L on Day 7 of dosing (normal range 14--48 U/L) and decreased to 42 U/L the following day. The γ-GT increased to 84 U/L (normal range 7 to 62) on Day 7 of dosing and decreased to 65 U/L 10 days after completion of dosing. The elevated ALT and bilirubin were Grade 1 in severity. No other subject had Grade 1 or higher ALT, AST, or γ-GT elevations. There were no clinically significant changes in mean bilirubin in the single ascending dose cohorts or the ritonavir-boosted cohorts.

In all parts of the study, most vital sign measurements were within normal ranges. There were no recorded AEs related to vital signs and no trend in mean or median values indicating subclinical abnormality. Electrocardiogram measurement did not reveal any significant QTc prolongations nor any abnormalities determined to be clinically significant.

Overall, there were no deaths or SAEs in this study. None of the subjects enrolled in Part 1 (SAD) or Part 3 (co-administration of ritonavir) discontinued because of an AE. In Part 2 (MAD), 10 subjects in total discontinued because of an AE (Grade 2 nausea and vomiting or Grade 1 elevated bilirubin; eight subjects who received BZF961 and two subjects who received placebo).

Pharmacokinetics {#s0011}
----------------

The mean plasma concentration-time profiles of BZF961 are presented in [Figure 3](#F0003){ref-type="fig"}. The pharmacokinetic parameters are summarized in [Table 3](#t0003){ref-type="table"}.

![Arithmetic mean plasma concentration--time profiles of BZF961 following oral administration of single ascending doses (Part 1). BZF961 10 mg (\^), 30 mg (Δ), 100 mg ( □ ), 300 mg (⋄), and 1000 mg (~\*~).](IJDA_A_1535438_F0003_B){#F0003}

###### 

Summary statistics of BZF961 pharmacokinetic parameters by treatment (pharmacokinetic analysis set).

  Pharmacokinetic parameter   Mean \[BZF961\] ± SD for single dose group (Part 1)                                                                                           
  --------------------------- ----------------------------------------------------- ----------------- ----------------- ----------------- ---------------- ---------------- ---------------
  *C*~max~ (ng/mL)            3.79 ± 1.77                                           21.1 ± 8.47       75.8 ± 43.7       220 ± 96.0        853 ± 381        102 ± 59.0       39.5 ± 17.9
  C24 (ng/mL)                 0.00                                                  0.00              0.117 ± 0.286     1.08 ± 0.294      6.80 ± 3.58      0.237 ± 0.391    0.349 ± 0.528
  AUC~last~ (h ng/mL)         9.20 ± 5.52                                           47.2 ± 18.5       185 ± 86.8        678 ± 266         3340 ± 1850      216 ± 103        185 ± 71.8
  AUC~inf~ (h ng/mL)          11.2 ± 6.18                                           49.6 ± 19.1       190 ± 87.4        685 ± 267         3350 ± 1850      221 ± 103        191 ± 72.1
  *T*~max~ (h)\#              1.00                                                  0.740             0.990             1.00              2.25             1.00             2.00
  \[0.500; 2.00\]             \[0.500; 1.00\]                                       \[0.480; 2.00\]   \[0.550; 2.50\]   \[0.480; 2.98\]   \[1.00; 1.00\]   \[1.98; 2.98\]   
  *T*~1/2~ (h)                1.54 ± 0.458                                          2.05 ± 0.521      2.96 ± 1.11       4.86 ± 0.352      8.78 ± 2.68      3.45 ± 1.08      3.27 ± 1.07
  *C*~L/F~ (L/h)              1160 ± 691                                            711 ± 340         602 ± 206         495 ± 181         397 ± 245        518 ± 176        589 ± 223
  *V*~z/F~ (L)                2330 ± 904                                            2010 ± 785        2330 ± 343        3510 ± 1420       4880 ± 2710      2360 ± 365       2540 ± 431

  Pharmacokinetic parameter   Mean \[BZF961\] ± SD for multiple dose group on indicated day (Part 2)                                                                                                
  --------------------------- ------------------------------------------------------------------------ ------------------- ---------------- ------------------ ---------------- ------------------- -------------------
  *C*~max~ (ng/mL)            184 ± 131                                                                206 ± 128           535 ± 283        542 ± 78.8         512 ± 312        1430 ± 765          1440 ± 1200
  C8 (ng/mL)                  5.95 ± 4.19                                                              8.79 ± 6.93         24.1 ± 15.4      25.4 ± 11.4        25.8 ± 14.8      187 ± 289           143 ± 139
  AUC~tau~ (h ng/mL)          300 ± 184                                                                390 ± 275           1140 ± 608       1100 ± 262         1200 ± 651       4180 ± 3960         4910 ± 4200
  *T*~max~ (h)\#              1.00                                                                     1.00                1.00             1.00               1.00             1.00                1.00
  \[1.00; 1.00\]              \[0.520; 1.00\]                                                          \[1.00; 1.00\]      \[1.00; 1.00\]   \[0.500; 1.00\]    \[1.00; 1.00\]   \[0.980; 1.98\]     
  AUC~last~ (h ng/mL)         353 ± 216                                                                466 ± 344           1450 ± 772       1370 ± 403         1580 ± 910       6310 ± 7570         4910 ± 4200
  *R*~acc~ (*C*~max~)                                                                                  1.19 ± 0.407                         1.45 ± 1.18                         2.54 ± 1.50          
  *R*~acc~ (AUC~tau~)                                                                                  1.33 ± 0.603                         1.55 ± 1.31                         2.88 ± 2.19          
  *T*~1/2~ (h)                                                                                         9.52 ± 3.32                          13.0 ± 3.57                         13.1 ± 3.29         2.63 ± 0.456
  *C*~L/F~ (L/h)                                                                                       367,000 ± 215,000                    284,000 ± 60,000                    190,000 ± 110,000   356,000 ± 282,000

  Pharmacokinetic parameter                     Mean \[BZF961\] ± SD for combination dose group on indicated day (Part 3)                                                                         
  --------------------------------------------- --------------------------------------------------------------------------- ----------------- ---------------- ----------------- ---------------- --------------
  *C*~max~ (ng/ml)                              47.8 ± 25.5                                                                 444 ± 105         5.04 ± 1.81      54.3 ± 8.31       41.7 ± 12.5      214 ± 67.7
  C24 (ng/mL)                                   0.00                                                                        76.7 ± 22.1       0.00             12.5 ± 2.89       0.00             36.0 ± 8.10
  AUC~last~ (h ng/mL)                           124 ± 49.8                                                                  4950 ± 1470       11.9 ± 8.27      638 ± 90.6        103 ± 26.8       2470 ± 608
  AUC~inf~ (h ng/mL)                            128 ± 50.3                                                                  5440 ± 1590       14.6 ± 8.74      746 ± 134         107 ± 28.6       2770 ± 666
  *T*~max~ (h)[\#](#TF2){ref-type="table-fn"}   1.00                                                                        2.25              0.980            2.00              1.00             3.00
  \[0.480; 1.00\]                               \[2.00; 2.50\]                                                              \[0.480; 1.98\]   \[2.00; 3.00\]   \[0.470; 1.00\]   \[1.00; 4.00\]   
  *T*~1/2~ (h)                                  2.52 ± 0.336                                                                10.8 ± 1.58       1.37 ± 0.482     13.0 ± 2.53       3.10 ± 0.398     11.5 ± 1.78
  *C*~L/F~ (L/h)                                455 ± 232                                                                   9.77 ± 2.68       921 ± 547        13.8 ± 2.27       498 ± 129        19.1 ± 4.97)
  *V*~z/F~ (L)                                  1570 ± 533                                                                  152 ± 46.3        1560 ± 548       254 ± 42.9        2240 ± 730       315 ± 84.2

Values for *T*~max~ are median \[*n*\] (min; max).

### Part 1: Single ascending dose {#s0012}

Following oral administration of BZF961 in the MEPC formulation in a fasted state, BZF961 was rapidly absorbed with the median *T*~max~ in the range of 0.74 to 2.25 h post-dose ([Figure 3](#F0003){ref-type="fig"}). After reaching peak concentrations, BZF961 was eliminated rapidly. The mean terminal elimination half-life, however, tended to increase with dose, from 1.54 h for the 10 mg single dose to 8.78 h for the 1000 mg single dose ([Table 3](#t0003){ref-type="table"}).

BZF961 plasma mean exposure (*C*~max~ and AUC) increased with the increase in BZF961 dose throughout the dose range studied ([Table 3](#t0003){ref-type="table"}). The plasma exposure increased approximately linearly with doses up to 300 mg. A trend towards higher than dose proportionality was noted at the highest dose tested (1000 mg). Dose proportionality was assessed using a power model for *C*~max~, AUC~last~, and AUC~inf~ over the dose range from 10 mg to 1000 mg.

Administration of BZF961 with food appeared to delay the time to peak plasma concentration from approximately 1 h to 2 h and to decrease the *C*~max~ by approximately 44%; however, the overall AUC remained the same. Dosing of BZF961 100 mg using the Vitamin ETPGS formulation resulted in higher *C*~max~ (39%) and exposures (approximately 17%) than with the MEPC formulation.

### Part 2: Multiple ascending dose {#s0013}

Following multiple dose administration, BZF961 exposure (*C*~max~ and AUC) increased in an approximately dose proportional manner from 100 mg every 8 h to 500 mg every 8 h ([Figure 4](#F0004){ref-type="fig"}). Slight accumulation of BZF961 was observed following multiple dosing for 7 days, ranging from 1.33-fold to 2.88 fold for AUC and 1.19-fold to 2.54-fold for *C*~max~. There was no change in time to peak concentration between Day 1 and Day 7, indicating that there were no changes in the potential absorption mechanisms of BZF961. The terminal half-life following multiple dose administration ranged between 10 and 13 h on Day 7.

![Arithmetic mean plasma concentration-time profiles of BZF961 following oral administration of multiple ascending doses on Day 7 (Part 2). BZF961 100 mg q 8 h (\^), 300 mg q 8 h (Δ), and 500 mg q 8 h ( □ ).](IJDA_A_1535438_F0004_B){#F0004}

### Part 3: Drug interaction with ritonavir {#s0014}

In Part 3 of the study, the impact of ritonavir on the pharmacokinetics of BZF961 was evaluated. A single dose of 10 or 50 mg BZF961 was administered either alone or with ritonavir 100 mg administered prior to, concomitantly with, and following the BZF961 dose for Cohorts 12 and 13, and only simultaneously with BZF961 for Cohort 14. Semilogarithmic plots of the arithmetic mean BZF961 plasma concentration at each sample collection time-point with and without concomitant administration of ritonavir 100 mg are shown in [Figure 5](#F0005){ref-type="fig"}. Plasma concentrations of BZF961 are provided for each cohort in [Table 3](#t0003){ref-type="table"}.

![Arithmetic mean plasma concentration--time profiles of BZF961 following oral administration of BZF961 alone or in combination with ritonavir (Part 3). BZF961 50 mg alone (\^), BZF961 50 mg + three doses of ritonavir (Δ), BZF961 10 mg alone ( □ ), BZF961 10 mg + three doses of ritonavir (⋄), BZF961 50 mg alone (~\*~) and BZF961 50 mg + single dose of ritonavir (♣).](IJDA_A_1535438_F0005_B){#F0005}

Ritonavir administered prior to, concomitantly with, and following a single 50 mg dose of BZF961 (Cohort 12) increased the mean plasma BZF961 *C*~max~ approximately 10-fold from 47.8 (± 25.5) to 444 (± 105) ng/mL and the mean AUC~inf~ approximately 43-fold from 128 (± 50.3) to 5440 (± 1590) h\*ng/mL. A similar increase (approximately 50-fold) in the overall plasma BZF961 exposure was noted when a single dose of 10 mg BZF961 (Cohort 13) was administered with 100 mg ritonavir administered prior to, concomitantly with, and following the BZF961 dose, suggesting linearity in BZF961 exposure. Ritonavir administered concomitantly with a single 50 mg dose of BZF961 (Cohort 14) increased the mean plasma BZF961 *C*~max~ from 41.7 (± 12.5) to 214 (± 67.7) ng/mL and the mean AUC~inf~ from 107 (± 28.6) to 2770 (± 666) h\*ng/mL. The terminal elimination half-life of BZF961 increased approximately 4-fold from ∼3 to ∼11.5 h when administered with ritonavir. The time to reach peak plasma BZF961 concentrations remained relatively unchanged with or without ritonavir. Ritonavir increased BZF961 *C*~max~, AUC, and *T*~1/2~ by approximately 5 to 10-fold, 26 to 60-fold and 5-fold, respectively. The overall variability in BZF961 *C*~max~ and AUC~inf~ was reduced by approximately 25% when dosed with ritonavir than without ritonavir.

Discussion {#s0015}
==========

HCV infection has been the leading cause of liver-related deaths and indication for liver transplantation in Europe and the United States. Recently, treatment for chronic HCV infection has improved dramatically with decreased treatment duration and increased cure rates. Here we investigated a novel HCV NS3-4A protease inhibitor in a first-in-human study. BZF961 was safe and well tolerated when administered as single and multiple doses in healthy subjects; there were no serious AEs. Following administration of single doses of BZF961, all AEs were Grade 1 or 2, did not result in discontinuation, and were resolved. Following the administration of multiple doses of BZF961, the most frequent AEs were nausea, vomiting, and elevated bilirubin, which resulted in discontinuation for eight subjects. A significant proportion of the nausea and vomiting appeared to have been related to the MEPC formulation vehicle, as similar percentages of placebo-treated subjects and BZF961-treated subjects experienced this AE. Using lower doses of MEPC-formulated BZF961 in combination with ritonavir, or the development of a more palatable formulation may help mitigate this risk. The elevated bilirubin is thought to be secondary to the effect of BZF961 on bilirubin transporters, in particular OATP1B1 and OATP1B3 (data not shown). This effect has been seen with other protease inhibitors for HCV and HIV infection in the clinic and generally does not limit the ability to use the drugs for the treatment \[[@CIT0016],[@CIT0017]\].

The pharmacokinetic results indicate that BZF961 systemic exposure increased with dose and the increase was slightly greater than dose proportional following single ascending doses from 10 mg to 1000 mg and multiple ascending doses from 100 mg to 500 mg on Days 1 and 7. The accumulation ratio ranged from 1.33-fold to 2.88 fold (based on AUC) after multiple doses compared to Day 1. Administration with food had minimal effect on BZF861 exposure.

BZF961 is predominantly metabolized by CYP3A4. Ritonavir is a potent CYP3A4 inhibitor and has been used to pharmacologically increase exposure of HIV and HCV protease inhibitors in the clinic. Co-administration of BZF961 with ritonavir was well tolerated and resulted in significant increases (up to 60-fold) in BZF961 exposure. Co-administration of BZF961 with ritonavir increased trough levels more than the AUC and *C*~max~ levels, thereby resulting in a lower predicted efficacious dose and higher safety margins. Additionally, the inter-subject variability of BZF961 exposure was decreased with ritonavir co-administration. Based on the pharmacokinetic results and the preclinical virology data, it is expected that a 500 mg twice daily dose of BZF961 -- or 50 mg twice daily dose with ritonavir -- will be able to inhibit wild-type HCV GT 1, 2, 4, 5, and 6. Additionally, this dose may be adequate to cover most of the known GT 1a and 1 b resistant variants.

In conclusion, the strategy of co-administering BZF961 with the CYP3A4 inhibitor ritonavir considerably boosted exposure of the HCV NS3-4A protease inhibitor. This finding indicates the possibility of using lower doses, with improved safety margins, for efficacy studies.
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